We demonstrate a spray pyrolysis method to grow carbon nanotubes (CNTs) with high degree of crystallinity, aspect ratio and degree of alignment on a variety of different substrates, such as conventional steel, carbon fibres (CF) and ceramics. The process consists in the chemical vapour deposition of both a thin SiO 2 layer and CNTs that subsequently grow on this thin layer. After CNT growth, increases in specific surface by factors of 1000 and 30 for the steel and CF samples, respectively, are observed. CNTs growth on ceramic surfaces results in a surface resistance of 37.5 Ohm/sq. When using conventional steel as a rector tube, we observed CNTs growth rates of 0.6 g/min. Details of nanotube morphology and the growth mechanism are discussed. Since the method discussed here is highly versatile, it opens up a wide variety of applications in which specific substrates could be used in combination with CNTs.
INTRODUCTION
Carbon nanotubes (CNTs) possess a high axial strength, stiffness, electrical and thermal conductivity and low density. This combination of properties is ideal to make novel multifunctional materials with a range of properties wider than those exhibited by traditional engineering materials. However, one of the main challenges is to integrate these nanobuilding blocks into much larger structures in order to exploit their properties on a macroscopic scale. A typical strategy to achieve this goal is by randomly dispersing CNTs in a polymer matrix as fillers, 1 2 particularly at low volume fractions; 3 they can also be preassembled into macroscopic fibres 4 which are later embedded into composites; 5 or they could be directly * Author to whom correspondence should be addressed.
grown on macroscopic components of a composite, such as reinforcing fibres. 6 The last process is especially suitable to improve existing composite technologies by placing the CNTs on selected locations to either enhance composite performance, for example as interfacial reinforcement between lamina, 7 or to impart new properties such as high electrical/thermal conductivity, which could also lead to more complex damage detection functions. 8 Growth of CNTs on reinforcing fibres is normally carried out by metal catalyst precursor pre-deposition on the fibre surface, typically followed by chemical reduction of the precursor to form the transition metal catalyst seed, and the subsequent CNT growth by chemical vapour deposition (CVD). 9 In the case of carbon fibres, this process can lead to degradation of their properties due to catalyst "pitting" on the 6 although damage could be avoided to some extent by pre-depositing a protective thin layer onto which the CNTs are grown. 10 Ideally, the CNTs would be directly grown on the composite or engineering component, requiring the minimum number of processing steps and without degradation of the component properties. In addition, the CNTs should be of the highest possible quality in terms of degree of graphitisation, straightness and low impurity content, such as those typically obtained on SiO 2 or Al 2 O 3 , perhaps the most widely-used substrates used for CNT growth. A common strategy consists of depositing an inorganic layer on the components which serves both as active surface for CNT growth and as protective layer to prevent catalyst-induced damage. Some promising methods used to grow CNTs on non-conventional substrates (e.g., field effect transistor architectures and reinforcing fibres) include the predispersion of metal catalyst in a SiO 2 precursor, 11 and more recently, the deposition of coal-tar pitch 10 or inorganic layers by CVD. [12] [13] [14] [15] Whether as the oxidised face of a Si wafer, 16 a quartz tube (fused silica) 17 18 or an amorphous layer deposited by CVD, 15 SiO 2 is an effective substrate for CNT growth. The process described here is also based on the formation of a thin layer of SiO 2 by CVD, similar to Ref. [15] , but formed by spray pyrolysis of SiO 2 precursors at atmospheric pressure. This layer enables the growth of CNTs on a variety of materials, including metals (e.g., stainless steel), high-performance fibres (e.g., CF) and ceramics (e.g., a brick), requiring no catalyst pre-deposition. We present transmission electron microscopy (TEM) and Raman spectra indicating that the CNTs produced by this method are of high purity, and show improvements of the properties of the CNT host substrate, such as increments in specific surface area and electrical conductivity. The potential of this technique for large scale synthesis of CNTs using steel substrates is also discussed.
EXPERIMENTAL DETAILS
CVD of SiO 2 and CNT growth were carried out by spray pyroloysis of precursors using an ultrasonic atomizer device (RBI) working at 800 KHz connected to a quartz tube. The process comprises first the chemical deposition of SiO 2 for 10 minutes at atmospheric pressure and 850 C after which it is stopped, and then followed by the growth of CNTs for 40 minutes at the same temperature and pressure. The precursors used were tetraethyl orthosilicate (TEOS) for depositing SiO 2 , 19 and a mixture of 3.5 wt.% ferrocene in toluene for achieving CNT growth. Ar was used as carrier gas, kept at 1.5 l/min during SiO 2 deposition and 2 l/min during CNT synthesis. The substrates of interest were placed in the hot zone of the reactor. Typically, the CVD reaction was carried out for 30 minutes. The steel reactor tube consisted of a 304 stainless steel tube of 9 cm outer diameter and 1.10 m length.
Electron micrographs were obtained with EVO MA15 Zeiss and Philips XL30 scanning electron microscopes (SEMs), and Phillips F20 Tecnai and JEOL JEM 3000F transmission electron microscopes (TEM), all of them equipped with energy-dispersive X-ray (EDX) spectrometers. The accelerating voltage was kept ca. 10 keV and 200-300 keV for SEM and TEM, respectively.
Raman spectra were collected with a Jasco NRS-5100, using a laser line of 532 nm at a power of 5-15 mW and exposure times of around 15 seconds. Several spectra were collected for each sample, the examples shown here representing typical examples of those observed.
BET measurements were carried out with a Micromeritics Gemini VII surface area analyser with an evacuation rate of 50 mmHg/min, an equilibration time of 6 s and using Nitrogen as analysis adsorptive. Two-point electrical resistance measurements of the ceramic samples were recorded with an Agilent 34410A multimeter.
RESULTS AND DISCUSSION

Structure
Aligned CNTs were grown on a variety of materials by CVD starting with the formation of a thin SiO 2 layer on the surface of the materials of interest, this layers serving as an active substrate for CNT synthesis. Both the SiO 2 thin layer and the CNTs were produced by spray pyrolysis, not requiring additional (pre or post) treatments. TEOS and a solution of ferrocene in toluene were used as precursors for the former and the latter, respectively. Figure 1 (A) shows examples of forests of preferentially aligned CNTs grown on conventional steel, carbon fibres, a conventional brick, and a quartz substrate for reference. As a substrate, a quartz tube (fused silica) produces CNTs with the same quality as those grown on SiO 2 wafers but in much greater amounts due to a larger accessible surface, hence the widespread use of quartz tubes in research 18 and our choice of it as a comparator. Minor differences on the quality of the CNTs are observed between the different substrates. In all cases, CNTs are multi-walled, exhibit high aspect ratio and high degree of graphitisation (I D /I G Raman intensity was ca. 0.3). Raman spectra for the different samples are shown in Figure 1 , and some typical structural parameters obtained from electron microscopy observation summarised in Table I . (Note that for CNTs grown on CFs, the fibre itself contributes to the Raman spectrum, thus resulting in a higher I D /I G ratio). The CNTs grown on the ceramic brick are less aligned than those observed on the other substrates, an effect that could be attributed to the higher roughness of the brick surface.
For reference, when using the same CVD conditions in the absence of a SiO 2 layer, no CNT growth was observed on the substrates (except on the quartz tube used for comparison), and the CVD reaction produced amorphous carbon and poorly graphitised particulates. Provided it can withstand the CVD processing temperatures used (> 800 C), any substrate is likely to be suitable for the growth of long, highly crystalline, aligned MWCNTs following the spray pyrolysis method described here (Cu and W substrates have also been used). The versatility of this method makes it is possible to use a conventional steel tube as the reactor itself, growing the CNTs on its inner surface and then simply scraping them off for collection from one side. This represents a significant advantage both in terms of handling and cost over quartz and ceramic tubes typically used in research laboratories and often in industry. 20 By combining the low cost of steel and the high throughput using spray pyrolysis, our laboratory-scale system could produce highly crystalline MWCNTs (Fig. 1) at a rate of 0.6 g/min and an estimated cost of 0.25 EUR/g, considering only precursors and electricity costs. For reference, the market price of MWNTs is of the order of 50 EUR/g, although this figure includes other costs that our simple calculation does not, such as those associated to the purification of the material to remove residual catalyst and catalyst support. More importantly, compared to CNTs directly grown on conventional steel substrates (for recent examples see-Refs. [21] and [22] ), the CNTs in this work are much longer (tens of microns compared to up to ∼ 1 mm) and have a noticeably higher degree of alignment and graphitisation.
These high-quality tubes grow in abundance in the region where TEOS forms a porous white deposit of inorganic particles on the steel reactor, which is at approximately 850 C during deposition, corresponding closely to the thermal decomposition of TEOS into SiO 2 .
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The CNTs are firmly adhered to the SiO 2 (Figs. 2(A)-(B) ), but because the SiO 2 layer itself is porous and brittle, the material can be scraped off the steel surface in large quantities as a CNT powder (Fig. 2(C) ). SEM micrographs indicate that the CNT material produced throughout most of the length of the steel reactor is of high quality, comparable that grown on SiO 2 surfaces. The CNT powder, though, can have a small remnant of a thin sublayer of SiO 2 which would have to be later removed. These steps are similar to those in industrial fluidised-bed CVD CNT synthesis based on using ceramic spheres impregnated with catalyst 23 24 onto which the CNTs grow and from which they are subsequently removed. Our results would thus open a wide variety of different catalyst support materials that could be used in fluidised-bed CVD CNT synthesis, with potential benefits to current industrial CNT production processes.
Properties
The integration of CNTs on the surface of the CF, steel and brick samples could potentially improve the bulk properties of the substrate/nanotube system, such as electrical and thermal conductivity and polymer adhesion. Here, we focus on electrical conductivity and surface area measurements. When growing CNTs on the conventional brick surfaces, for example, the surface of the resulting brick/MWCNT material becomes electrically conducting, with a surface resistance of 37 5 ± 13 6 Ohm/sq. This value corresponds roughly to a volume resistivity of the whole brick of 0.56 Ohm · m, or a conductivity of 1.78 S/m; values that are in the range for electrostatic charge dissipation, structural health monitoring and other engineering applications. Figure 3 (A) shows a photograph of a lit LED connected to a conducting brick and a battery, demonstrating the current flow on the surface of the material. The presence of CNTs on the surface of the samples also results in a large increment in their BET surface area, increasing from 0.002 to 0.21 m 2 /g for steel substrates, and from 0.13 to 4 m 2 /g for CFs (Fig. 3(B) ). The latter result is in agreement with literature values for similar CF/CNT samples. 25 Such increments in specific surface (factors of ×1000 and ×30, respectively) could improve nanotube interaction with liquids and increase adhesion to polymer matrices which would result in enhanced stress transfer thorough stronger nanotube-polymer interfacial bonding. While reducing the number of layers of the CNTs (currently around 13-28) would further increase the specific surface (specific surface is roughly proportional to 1/number of layers), it would also result in a stronger interaction between tubes that could lead to their agglomeration and therefore a reduction in the effective surface in contact, for example, with the polymer matrix in a composite. The diameter (40 nm <) of the MWCNTs in this study must be seen as starting point for further optimisation for composite performance. Similarly, the length of these tubes gives reasonably high aspect ratios, particularly in the case of the MWNTs grown on steel, which reach lengths up to the millimetre range. 
Growth Model
A schematic representation of the MWCNT growth mechanism is shown in Figure 4 (A). The process starts with the catalyst particle activation on the silica surface; followed by carbon diffusion, saturation and CNT formation occurring via carbon extrusion perpendicular to the silica substrate. In all the metallic, CF and ceramic samples analysed so far, a rich layer of Si, O and Fe is observed at the base of MWCNTs, which also includes residual Fe catalyst that did not take part in the CNT synthesis reaction. Figure 4 (B) presents an SEM image of aligned MWCNTs grown on steel and a comparison of EDX spectra from the base and tip of the array demonstrating the abundance of these elements on the substrate surface. The role of the SiO 2 layer is to act as a surface on which the metal particles are catalytically active and can take part in MWCNT growth. SiO 2 is a well-known support for CNT growth 16-18 26-28 and under our CVD synthesis conditions, the SiO 2 layer is certainly more efficient than the bare CF, steel and ceramic substrates for the growth of CNTs of high purity and in high yields. SiO 2 acts as an effective barrier that prevents diffusion of the catalyst and carbonaceous species into the CF, steel and ceramic substrates, which could otherwise hinder CNT growth. 29 In literature examples of direct synthesis of CNTs on metallic substrates, the diffusion barrier is often a thin layer of metal oxide on the substrate surface and which has been found to be required for growth to take place. 29 The advantage of the process discussed here is that it does not rely on the formation of a metal oxide layer, which can be difficult to control and to preserve in the reducing atmosphere frequently used in CNT synthesis and typically results in the lower degree of alignment and graphitisation. In the case of CF, while direct growth on its surface has also been reported 6 the purpose of using a support layer is to avoid degradation of the fibre caused by direct contact with the catalyst.
It is also interesting that in terms of the resulting MWCNT material and the type of growth, no significant difference is observed when using SiO 2 -based substrates with different degrees of crystallinity, i.e., the layer of SiO 2 deposited by spray pyrolysis, a SiO 2 wafer or the reactor quartz tube wall. The possible effects of strain due to lattice mismatch between the catalyst particle and the different SiO 2 forms appears not to play a major role, but further studies using in-situ characterisation techniques during CNT growth would confirm this observation. 30 Moreover, while traces of Si could be found in the vicinity of Fe catalyst particles, there is no indication of the formation of Si-Fe alloys (they would not be expected to form at such low temperatures), thus supporting the synthesis mechanism discussed before. Although a similar growth mechanism is observed on MWCNTs grown on CFs, steel and brick surfaces, for CFs the SiO 2 layer onto which the CNTs grow consists of an agglomerate of particles roughly 1 m in diameter (Fig. 5 ), rather than a continuous "crust" as observed on steel and ceramic substrates, consistent with observations by Delmas et al. 15 It is likely that this difference is due to poor wetting occurring between the small SiO 2 particles and the CFs surface at the early stages of the TEOS-CVD which could reflect the low substrate roughness of CF. From electron microscopy studies and general sample handling, it appears that the inorganic SiO 2 particles are strongly adhered to the CF surface, which is a pre-requisite for any improvements on interfacial shear strength with a polymer matrix. However, it is still unclear whether the intrinsic mechanical properties of the CF are affected by the CVD reaction. This issue will be addressed in a future study. An additional difficulty in the CF system is the difficulty to ensure uniform SiO 2 deposition and CNT growth on standard tows containing typically 10,000 individual CF filaments which are densely packed and can therefore limit reactant accessibility. Our results correspond to growth of CNTs on commercial tows which were used as-received, but are difficult to compare directly with similar studies in the literature if no details of tow preparation, particularly if the filaments were de-bundled, are available.
CONCLUSIONS
We have developed a versatile spray pyrolysis method to grow MWCNTs on a wide variety of industrially-relevant substrates, such as steel, CFs and ceramics. The process occurs by forming a thin layer of SiO 2 by CVD of TEOS on the desired substrates, followed by the subsequent MWCNT growth. The resulting CNTs consist of aligned MWCNTs with approximately 25 layers, a high degree of crystallinity, closely-packed and with a high aspect ratio (300 to 1000). They increase specific surface of the steel and CF samples up to 0.21 and 4 m 2 /g (by factors of 1000 and 30, respectively. The presence of MWCNTs on the surface of the ceramic brick makes it electrically conductive, with surface resistances of ca. 37.5 Ohm/sq, which correspond to a bulk conductivity of ca. 1.78 S/m.
The growth of aligned MWCNTs on steel is exploited by using a conventional steel tube as reactor for CVD. By combining spray pyrolysis and the use of a steel reactor, we have achieved an efficient growth of highly crystalline MWCNTs at rates of 0.6 g/min and at an estimated cost of 0.3 EUR/g. These results, however, are on the laboratory scale, and it remains to see whether the process could be scaled up and be advantageous when compared to existing ones.
A natural development of this work will be to assess the mechanical integrity of the CFs after the treatment, and the possible improvements on interfacial shear strength. If the dominant parameter for improved fibre/matrix interaction of specific surface, it is likely that through optimisation of reaction parameters, such as carbon source or the addition of small amounts of water, nanotubes with fewer layers and therefore higher specific surface could be produced, thus enhancing the composite performance. 
